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The study of biological transporters can be
hampered by a dearth of methodology for tracking
their activity within cells. Here, we present a means
of monitoring the function of transport machinery
within bacteria, exploiting a genetically encoded
riboswitch-based sensor to detect the accumula-
tion of the substrate in the cytoplasm. This method
was used to investigate the model ABC transporter
BtuC2D2F, which permits vitamin B12 uptake in
Escherichia coli. We exploited the wealth of struc-
tural data available for this transporter to probe the
functional and mechanistic importance of key resi-
dues of the substrate binding protein BtuF that are
predicted to support its interaction with its substrate
or with the BtuC channel-forming subunits. Our
results reveal molecular interaction requirements
for substrate binding proteins and demonstrate the
utility of riboswitch-based sensors in the study of
biological transport.
INTRODUCTION
Cells face the formidable challenge of acquiring desirable small
molecules from the environment, while extruding and maintain-
ing a barrier against potentially harmful compounds. Intricate
transport systems that transfer specific substrates across bio-
logical membranes are crucial to addressing this challenge and
are essential to the welfare of all organisms. Altered activity of
human transporters has been linked to a range of diseases (Borst
and Elferink, 2002). Bacteria, as single-celled organisms that
typically interact directly with a harsh environment, also rely
heavily on a large collection of transporters for both uptake
and efflux (Davidson et al., 2008), and many of them are required
for the efficient uptake of important nutrients and are putative or
established virulence factors for human pathogens (Eitinger
et al., 2011). Additionally, the acquisition of efflux pumps that
prevent antibiotics from accessing their targets represents one
of the most common routes to antibiotic resistance for clinically
relevant pathogens (Lubelski et al., 2007). A detailed under-1502 Chemistry & Biology 20, 1502–1512, December 19, 2013 ª2013standing of bacterial transport machinery is therefore valuable
for developing strategies to combat microbial infections and
antibiotic resistance.
Probing the mechanistic and structural details of a transport
system requires in vitro experiments using purified components.
Research of this nature has been the backbone of this field and
provides structural and biochemical information that could not
otherwise be obtained. However, in vitro experiments must be
interpreted cautiously, and it is important to gauge the relevance
of these findings within the complex environment of a living cell
whenever possible. This is not a trivial problem, because moni-
toring transport in live cells demands that the substrate be
tracked as it is taken up or extruded from the cell. Traditionally,
this has been accomplished using assays that detect the associ-
ation of a radioactive ligand with cells that have been isolated
from the extracellular medium using centrifugation or filtration,
followed by a series of wash steps. In addition to the safety haz-
ards of radioactive assays, these procedures have other draw-
backs as well. The cumbersome nature of these methods limits
their compatibility with high-throughput experiments, they mea-
sure association with the cell and not uptake into the cytoplasm,
and they require radioactive compounds, which are not always
readily available. Here, we explore the possibility of employing
a recently developed genetically encoded molecular sensor to
conduct a detailed mechanistic study of a transport system
within living cells (Fowler et al., 2010). This sensor employs an
RNA element known as a riboswitch, which directly binds a
target metabolite (Winkler and Breaker, 2005). Ligand binding
by the riboswitch dictates the expression of a cotranscribed
reporter protein, allowing for the levels of the ligand to be
measured over the responsive range of the riboswitch (Figure 1A)
(Fowler et al., 2010). This sensor reports the concentration of its
ligandwithin the cytoplasmwith impressive signal amplitude and
responsive range using straightforward, inexpensive assays that
are compatible with high-throughput experiments.
The riboswitch-based sensor employed here detects an active
form of vitamin B12 (VB12), called adenosylcobalamin (AdoCbl),
within Escherichia coli cells (Fowler et al., 2010). E. coli is one
of many organisms that have elaborate uptake systems to pro-
cure VB12 and closely related molecules from the environment.
In an active form, VB12 acts as a cofactor for a range of chemical
reactions. For enteric bacteria, VB12 is most notably employed in
reactions essential to the breakdown of secondary energy sour-
ces, such as ethanolamine and propanediol (Roth et al., 1996).Elsevier Ltd All rights reserved
Figure 1. Transport Activity of Chromosomal and Plasmid-Encoded
BtuF
(A) Schematic of employing the VB12 riboswitch sensor to report the activity of
BtuF. OM, outer membrane; CM, cytoplasmic membrane.
(B) Chemical structures of adenosylcobalamin (AdoCbl), cyanocobalamin
(CNCbl), and cobinamide (Cbi).
(C) VB12 transport activity of a WT E. coli strain and DbtuF strains carrying an
empty vector (DbtuF-EV), plasmid-encoded wild-type BtuF (DbtuF-WT BtuF),
or his-tagged BtuF (DbtuF-His6-BtuF). Transport activity is compared using 2
and 50 nM AdoCbl, CNCbl, or Cbi. Data expressed as mean fold repression
values (described in the text), and error bars represent SD.
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Riboswitch Sensors to Study BtuF InteractionsE. coli cannot produce VB12 de novo, and thus it relies on the
activity of its transport system to support its VB12-requiring func-
tions (Lawrence and Roth, 1995). Unlike most metabolites taken
up by Gram-negative bacteria, VB12 cannot diffuse through por-Chemistry & Biology 20, 1502–151ins. Instead, it is transported across the outer membrane in a
process that serves to concentrate this scarce cofactor in the
periplasm (Cadieux et al., 2002; Reynolds et al., 1980). Outer
membrane transport requires the BtuB receptor as well as the
TonB/ExbB/ExbD complex, which exploits the proton motive
force to provide the required energy (Postle and Kadner, 2003).
Once in the periplasm, VB12 is transported across the cyto-
plasmic membrane using the BtuCD-F ATP-binding cassette
(ABC) transporter (Figure 1A). Members of the ABC family of
transporters are found across all phylogeny (Holland and Blight,
1999), and bacterial ABC transporters are commonly employed
for both uptake and efflux. Import systems in Gram-negative
bacteria, such as E. coli BtuCD-F, hydrolyze ATP to energize
the directional transport of nutrients that have traversed into
the periplasm. These systems are comprised of two cytoplasmic
nucleotide binding domains (NBDs), two transmembrane do-
mains (TMDs) that form the transport channel, and a periplasmic
substrate binding protein (SBP) (Davidson et al., 2008). The role
of the SBP is to bind its designated substrate and deliver it to
its cognate ABC transporter at the periplasmic entrance of the
transport channel. For E. coli BtuCD-F, ATPase activity is pro-
vided by homodimeric BtuD, which forms an extremely stable
heterotetramer with the homodimeric transmembrane compo-
nent BtuC (Locher et al., 2002). BtuF, the SBP component, binds
VB12 with very high affinity (Cadieux et al., 2002) and has also
been shown to form a strong complex with BtuCD, yielding
BtuC2D2F (Hvorup et al., 2007). The unusually stable nature of
the interactions among the components of the BtuCD-F
transporter has facilitated structural studies (Lewinson et al.,
2010). As a result, an impressive collection of high-resolution
structures of this system have been solved, including apo-BtuF
(Karpowich et al., 2003), BtuF-VB12 complex (Borths et al.,
2002; Karpowich et al., 2003), BtuC2D2 (Locher et al., 2002),
BtuC2D2F (Hvorup et al., 2007; Korkhov et al., 2012b), and
BtuC2D2F in complex with AMP-PNP (Korkhov et al., 2012a).
The availability of this wealth of structural information makes
E. coli BtuCD-F a useful model for the study of the many related
transporter systems.
The abundant structural data on the BtuCD-F transporter pro-
vide an impression of the molecular interactions that take place
between the components of this apparatus. However, the role
that these interactions play in the transport process has not yet
been investigated. In this study, we seek to understand how spe-
cific intermolecular interactions between BtuF and its binding
partners contribute to transporter function within live cells.
Guided by the available structural data, we selected nine BtuF
residues that appeared to have a pivotal role in its association
with either its cognate ABC transporter or with its ligand. A large
collection of mutations at these positions were generated, and
their activity was examined using the riboswitch-based VB12
sensor. The consequences of select mutations on the growth
of E. coli under VB12-requiring conditions were also assessed
to probe the biological impact of the molecular interactions
examined. The results presented provide insights into the role
of highly conserved salt bridges formed between SBPs and
channel-forming proteins and also present a detailed character-
ization of BtuF’s VB12 binding pocket. Furthermore, our findings
illustrate the utility of riboswitch sensors as a means of probing
biological transport within living cells.2, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1503
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An Assay System to Detect the Activity of BtuF Mutants
We previously described the construction and characterization
of plasmid-encoded AdoCbl sensors (Fowler et al., 2010). The
reporter activity of E. coli cells carrying these vectors is tightly
tied to the cytoplasmic concentration of AdoCbl, such that
higher AdoCbl concentrations result in stronger repression of
reporter expression and thus lower reporter values. In order to
track transport in the present study, E. coli strains carrying the
medium copy, b-galactosidase version of the sensor plasmid
were employed (Fowler et al., 2010). Cells were grown in a
rich, defined medium that contained VB12 molecules, and their
intracellular AdoCbl concentrations were compared to parallel
samples grown in the same medium that lacked VB12 or a suit-
able precursor. The extent of reporter gene repression as a result
of adding VB12 is proportional to the amount of substrate im-
ported into the cytoplasm for that sample (Fowler et al., 2010).
AdoCbl precursors, including both CNCbl and Cbi, are quickly
converted to AdoCbl by metabolic enzymes following transport,
allowing for the uptake of these molecules to be measured as
well (Fowler et al., 2010; Lawrence and Roth, 1995). The data
are expressed as fold repression values, such that a value of
one indicates no detectable AdoCbl in the cytoplasm, and higher
values indicate higher AdoCbl concentrations. Note that when
present at high media concentrations, low levels of cytoplasmic
AdoCbl can be detected in strains carrying deletions to the
BtuCD-F transporter (Bassford and Kadner, 1977; Fowler
et al., 2010). This can likely be attributed to the accumulation
of VB12 molecules in the periplasm and a very low level of inci-
dental diffusion into the cytoplasm.
In order to track the effects of BtuF mutations, we sought to
complement a DbtuF strain with a plasmid-encoded copy of
btuF. A plasmid complementation system was advantageous
here because it allowed us to easily assess the activity of a large
library of BtuF mutants. BtuF was cloned into pBAD18 (Guzman
et al., 1995) under the control of an arabinose-inducible pro-
moter and transformed into the DbtuF strain. Both the wild-
type (WT) and a C-terminal his6-tagged version of BtuF fully
complemented the chromosomal deletion in the absence of
arabinose (Figure 1). The three test strains showed the same
level of transport for three different VB12 compounds (Figure 1B),
at both subsaturating and saturating concentrations (2 and
50 nM; Figure 1C). As expected, the deletion strain carrying EV
showed low, yet detectable, levels of cytoplasmic AdoCbl. This
provides direct evidence that BtuF is responsible for the uptake
of three diverse VB12 molecules (Cbi, CNCbl, and AdoCbl).
Although this finding is not surprising, there is precedent for
distinct SBPs delivering different substrates to the same ABC
transporter (Higgins and Ames, 1981; Park et al., 1998). The
addition of arabinose to induce btuF expression led to a mild
defect in transport (data not shown), consistent with previous
reports that show that a large excess of SBPs can obstruct
transport (Prossnitz et al., 1989).
Assessing the Activity of BtuC Interaction Mutants
To complete the transport cycle, a substrate-loaded SBP must
bind the TMD subunits, undergo structural changes that allow
for cargo release, and dissociate. Progressing through this cycle1504 Chemistry & Biology 20, 1502–1512, December 19, 2013 ª2013in an energy-economical fashion places formidable demands
on the interface between the SBP and TMDs. This interaction
is particularly intriguing for the BtuCD-F transporter, as it has
been observed in vitro that BtuF binds the BtuCD complex
with unusually high affinity in the absence of ligand (Kd
1013 M) and has a negligible dissociation rate (Lewinson
et al., 2010). Additionally, relative to many related transporters,
very subtle structural changes are thought to be required for
ligand release (Hvorup et al., 2007; Karpowich et al., 2003).
These attributes are thought to be conserved for ABC importers
that contain ‘‘cluster A’’ SBPs (Berntsson et al., 2010). Like other
classes of SBPs, those grouped in cluster A feature N-terminal
and C-terminal lobes with an intervening ligand-binding pocket
(Borths et al., 2002; Karpowich et al., 2003). Each lobe of the
SBP interacts with one of the two TMD subunits to position the
bound ligand over the translocation pathway (Hvorup et al.,
2007). Cluster A SBPs, which are involved in the transport of
metal ions or metal chelating molecules, contain a single rigid
helix that connects the two lobes, accounting for the decreased
flexibility and smaller structural changes in response to ligand
binding and release (Berntsson et al., 2010). With respect to their
interaction with the TMD, highly conserved glutamic acid resi-
dues on each lobe have been proposed (Borths et al., 2002)
and observed (Hvorup et al., 2007) to interact with the same
three arginine residues on either subunit of the TMD (Figure 2A).
For the E. coli FecCDE-B iron siderophore transporter, the
importance of these interactions for transport was investigated,
and it was found that alanine or arginine mutations to either SBP
glutamic acid residue led to a significant decrease in siderophore
uptake (Braun and Herrmann, 2007). Interestingly, a study look-
ing at mutations to parallel glutamic acid residues for the FhuD2
component of the Staphylococcus aureus FhuCBG-D2 iron side-
rophore transporter observed transport defects ranging from
nonexistent to drastic, depending upon the specific siderophore
substrate tested (Sebulsky et al., 2003). We set out to determine
the functional importance of these glutamic acid-arginine inter-
actions for the BtuCD-F transporter. A series of vectors were
constructed that contain BtuF with glutamic acid 72 or 202
mutated to aspartic acid, alanine, and lysine. The resultant
mutants were assessed for their ability to transport VB12 using
the riboswitch sensor.
Generally, mutations at either glutamic acid resulted in a
considerable decrease in the transport of VB12 (Figure 2B),
indicating that the two glutamic acids have a significant func-
tion. Interestingly, even very conservative mutations to aspartic
acid resulted in a detectable loss of activity. Aspartic acid
mutations, which shorten the side chain by a single carbon
unit, result in the carboxyl group inserting more shallowly into
the positively charged BtuC pocket (Figure 2A). Although it is
conceivable that R56 of BtuC could rotate to compensate
for this, any association with the more distant arginines (R59
and R295) is likely lost. Each of the alanine mutations, which
completely negate these electrostatic interactions, resulted in
a further decrease in VB12 uptake. Mutations to lysine, which
are expected to be highly repulsive, completely abolished trans-
porter activity. Notably, mutations at E72 were more disruptive
than those at E202. This is particularly interesting in light of the
fact that each of these residues is interacting with an identical
pocket on either monomer of the BtuC homodimer. The staticElsevier Ltd All rights reserved
Figure 2. Transport Activity of E72 and E202 Mutants
(A) Structural context of E72 (top) and E202 (bottom). BtuF is shown in yellow,
and the two BtuC subunits interacting with E72 and E202 are shown in blue
and purple, respectively.
(B) Transport activity of BtuF, where E72 and E202 were mutated to aspartic
acid, alanine, and lysine using 50 nM CNCbl. Data expressed as mean fold
repression values, and error bars represent SD.
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Riboswitch Sensors to Study BtuF Interactionsimage provided by the BtuCD-F structure shows that the atomic
distances between E202 and R56 provide a slightly stronger
salt bridge than is observed between R56 and E72 (Hvorup
et al., 2007). Whereas R59 and R295 are slightly closer to
E72, the observed distances indicate that the resulting ener-
getic contribution would be negligible. One possible explana-
tion for the increased importance of E72 could be that theChemistry & Biology 20, 1502–151surrounding interactions are weaker at the N-terminal lobe
and are thus less able to compensate for the loss of the salt
bridge. At the C-terminal lobe, S200 forms a hydrogen bond
with BtuC R59, and R201 forms a salt bridge with BtuC D187.
These two interactions are in close proximity to E202 and could
help compensate for disruptions to E202. Interestingly, muta-
tions to the parallel glutamic acid at the N-terminal lobe for
both FecB and FhuD2 were also generally observed to be
more disruptive than those to the corresponding C-terminal res-
idue, presenting the possibility that this is a conserved feature
with some mechanistic relevance (Braun and Herrmann, 2007;
Sebulsky et al., 2003).
Assessing the Activity of Mutations Affecting BtuF-
Ligand Interactions
Two groups published high-resolution structures of BtuF in com-
plex with VB12 (Borths et al., 2002; Karpowich et al., 2003). These
structures show VB12 bound between the two lobes of BtuF by
means of many direct and water-mediated interactions between
BtuF and the perimeter of the ligand. Although a great deal of
VB12’s surface area is buried within the binding pocket, a signif-
icant portion of the molecule is also accessible. The binding
pocket generally appears to be quite flexible, apparently relying
on a loose grasp on a large area of the ligand for its high affinity
(Kd 15 nM) (Cadieux et al., 2002). This hypothesis is supported
by the observation that BtuF makes considerably fewer direct
contacts with its ligand than has been observed for VB12-utilizing
enzymes (Karpowich et al., 2003). The ‘‘loose grasp’’ premise is
also supported by the observation that BtuF appears to undergo
relatively subtle structural changes when binding and releasing
its cargo. General shape complementarity appears to be the pri-
mary source of BtuF’s high affinity for VB12. This, coupled with
the large amount of buried surface area, suggests that individual
interactions with the ligand could potentially be interrupted
without much effect on BtuF activity. However, the considerable
degree of evolutionary conservation of BtuF residues that con-
tact VB12 contradicts this sentiment (Karpowich et al., 2003).
We set out to explore the nature of the BtuF binding pocket
and assess how conserved intermolecular interactions
contribute to overall transport activity. We selected five amino
acids within the BtuF binding pocket with diverse roles in ligand
recognition: W85, G88, W196, D242, and R246 (Figure 3A). For
each of these residues, saturation mutagenesis libraries were
constructed with mutations to each of the 19 possible alterna-
tives. The resulting collection of 95 mutants were designed to
provide an understanding of the chemical requirements and
molecular interactions required for VB12 recognition and trans-
port and, more generally, to inform on the requirements for pro-
ductive SBP-substrate interactions.
Mutant libraries were transformed into the DbtuF strain con-
taining the sensor, and several clones of each mutant were
assayed in a high-throughput 96-well plate format (Figures
3B–3F). Also included on each plate were several replicates of
the WT and EV controls and the E202A mutant, which provided
a control for a partial impairment of transport activity. Note that
fold repression values for the high-throughput format are not
directly comparable to those from lower throughput assays, as
differences in culture dilutions led to increased background in
the high-throughput format.2, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1505
Figure 3. The Transport Activity of Substrate Binding Pocket Mutants
(A) Structural context of the five BtuF residues (W85, G88, W196, D242, and R246) involved in VB12 binding investigated in this study. VB12 is shown in purple and
BtuF in yellow.
(B–F) Assaysmeasuring the transport activity of saturationmutagenesis libraries for each of the residues shown in (A). Mutants are arranged left to right according
to activity. Assays conducted using 50 nM CNCbl. Data ae expressed as mean fold repression values, and error bars represent SD. BtuF mutant E202A is
included as an additional control for each library.
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Riboswitch Sensors to Study BtuF InteractionsOther than D242, each tested position yielded several muta-
tions with an obvious loss of activity, affirming the importance
of these residues. With few exceptions, however, mutants main-1506 Chemistry & Biology 20, 1502–1512, December 19, 2013 ª2013tained a significant level of activity, indicating that none of these
residues has an essential function. Among the positions tested
were two tryptophan residues, W85 (Figure 3B) and W196Elsevier Ltd All rights reserved
Figure 4. Transport Activity of BtuF Variants as a Function of CNCbl
Concentration
(A) BtuC binding mutants.
(B) VB12 binding mutants. Transport activity expressed as mean fold repres-
sion values from experiments carried out in triplicate. Error bars are omitted for
visual clarity; the statistical significance of key data points is provided in the
main text.
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Riboswitch Sensors to Study BtuF Interactions(Figure 3D), that provide extensive van der Waals contact with
the ligand. W85 contacts the DMB moiety of VB12’s lower axial
ligand. A simple loss of these interactions appears to have a mi-
nor impact on activity; however, small hydrophobic or charged
residues at this position are more disruptive. W196 contacts
hydrophobic extremities emerging from the central corrin ring;
mutations to this residue showed the most drastic effects of
any position tested. Although the beneficial contacts made by
this residue provide valuable binding energy, the more important
function ofW196might be its role as an inflexible wall of the bind-
ing pocket that holds the ligand in a beneficial location and orien-
tation. Substitutions to similar amino acids, such as tyrosine and
phenylalanine, maintain activity, whereas smaller amino acids,
which would not maintain this rigid hold on the ligand, are lessChemistry & Biology 20, 1502–151active. Because of their position at an inflexible area of the bind-
ing pocket, residues expected to clash with the surroundings,
such as the charged residues, are particularly poorly tolerated,
which is not surprising.
G88 (Figure 3C) was the only residue that does not directly
interact with VB12 in the published structures. G88 appears to
be conserved because its small size allows it to fit into a crowded
area at the binding interface. Initially, we were surprised to
observe that many substitutions at this position are well toler-
ated. Upon closer inspection of the binding pocket, we noted a
nearby compartment into which many residues could rotate to
avoid steric clashes. Mutations that do not permit a simple rota-
tion into this pocket are therefore less active. This includes res-
idues that are not accommodated in this pocket, such as certain
charged residues, and those that are less flexible to rotate into
this pocket, such as leucine. Such residues would sterically
interfere with the normal orientation of the ligand within the bind-
ing pocket, which causes a moderate transport defect.
The final two residues selected, D242 (Figure 3E) and R246
(Figure 3F), form hydrogen bonds with a propionamide side
chain from the corrin ring of VB12. Interestingly, whereas D242
can be mutated freely without a significant effect on BtuF func-
tion, most R246 mutants were less active than WT. The lack of
an effect for the D242 mutants indicates that the simple loss of
a hydrogen bond is not detrimental under the conditions tested.
This is also apparent from the R246 data, where a methionine
mutation that negates this hydrogen bond is completely toler-
ated. Whereas the D242-VB12 interaction consists of a flexible
hydrogen bond, R246, much like W196, defines part of a wall
within the binding pocket. It therefore appears that the role of
R246 in stabilizing and positioning the ligand is more important
than the energetic contribution made by the hydrogen bond it
provides. Methionine’s ability to replace arginine at this position
strongly supports this notion, because its side chain can adopt a
similar conformation to that observed for arginine, thereby main-
taining the integrity binding pocket’s edge. Overall, the data
support the hypothesis that the primary role of the conserved
molecular interactions between VB12 and BtuF in CNCbl
transport is to maintain the ligand in a secure orientation that
is appropriate for transport. Mutations that result in clashes
with this orientation or that negate important contacts that fix
the ligand in such a position therefore disrupt BtuF activity.
Dose-Response of BtuF Mutants
All the above experiments were conducted using CNCbl at con-
centrations that are saturating for WT BtuF. To gain further
perspective on these interactions, the activity of representative
mutants for each of the tested residues was assessed over a
broad range of CNCbl concentrations (Figure 4). For the TMD-
binding mutants, the E72A mutant showed a clear defect
throughout the tested concentration range, with statistical signif-
icance at concentrations as low as 0.9 nM (p < 0.03). The more
active E202Amutant displayedWT levels of activity at low ligand
concentrations and a clear defect at higher concentrations (Fig-
ure 4A). Specifically, at concentrations up to 2.7 nM its activity is
indistinguishable from WT, beyond which there is a statistically
significant defect (p < 0.005). A plausible explanation is that
BtuF-ligand binding represents the rate-limiting step in transport
at low ligand concentrations. At high concentrations, when more2, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1507
Figure 5. Transport Selectivity of BtuF Variants Using Different
Substrates
Assay measuring the transport activity of strains carrying various BtuF con-
structs using 50 nM Cbi + 5 mM DMB, 50 nM CNCbl, or 50 nM AdoCbl.
Transport activity expressed as fold repression values, and error bars
indicate SD.
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between BtuF and BtuC become more apparent.
We anticipated that themutations to the ligand-binding pocket
would display a shift in their responsive range to higher VB12
concentrations. Surprisingly, however, each of these mutants
displayed WT levels of activity at the low end of the substrate
concentration range (Figure 4B). At higher CNCbl concentra-
tions, transport defects become obvious for each of the mutants
other than D242 (p < 0.02 for each of these mutants at 8.1 nM
CNCbl); the activity of each mutant at this high concentration
range is consistent with the data presented in Figure 3. This sug-
gests that the predominant effect of disrupting these interactions
is not a simple loss of binding affinity. Instead, our data are better
explained by a scenario in which VB12 binding is rate limiting at
the low end of the tested spectrum and is not overtly affected
by any of the tested mutants. At higher VB12 concentrations,
a different step in transport becomes rate limiting for these
mutants and a defect becomes apparent. Given the location of
these mutants and the structure-activity information gathered
in Figure 3, ligand release into the BtuC channel is a strong
candidate to be the affected step.
Substrate-Specific Transport Defects of BtuF Mutants
As observed in Figure 1B, BtuF recognizes and facilitates the
transport of a number of related ligands. Although its substrates
are all expected to contain a common corrin ring, cobalt’s lower
and upper axial ligands, which can account for more than 40%of
the mass of the molecule, are variable. The importance of the
molecular interactions under investigation in this report might
therefore vary greatly between different substrates. To investi-
gate this possibility, we assessed the transport activity of repre-
sentative mutants for each of the nine pertinent residues using
three different substrates: Cbi, CNCbl, and AdoCbl (Figure 5).
Relative to CNCbl, Cbi lacks the DMB moiety that acts as
cobalt’s lower axial ligand as well as the nucleotide loop
appendage that connects DMB back to the corrin ring. In
AdoCbl, the small cyano group that acts as cobalt’s upper axial
ligand in CNCbl is replaced by a 50-deoxyadenosyl group (see1508 Chemistry & Biology 20, 1502–1512, December 19, 2013 ª2013Figure 1A). In general, defects in CNCbl transport for sub-
strate-binding mutants were at least partially negated by using
AdoCbl as a ligand. This indicates that the adenosylmoietymight
be recognized by BtuF or that this bulky group restricts ligand
mobility, thereby helping to overcome the loss of stabilizing
interactions. Transport of the smallest ligand, Cbi, was more
drastically impaired than that of CNCbl for many ligand-binding
mutants. This is not surprising, because Cbi is expected to
make significantly less contact with the binding pocket than
with the other substrates. Cbi transport is particularly impaired
for the two residues predicted to play a key role in defining bind-
ing pocket wall, W196 and R246. Interestingly, the D242 mutant,
which retains full activity for AdoCbl and CNCbl transport, shows
decreased Cbi uptake compared to that of the WT.
Surprisingly, mutations affecting BtuF’s interaction with
BtuC also showed substrate-specific transport defects. When
compared to other constructs, the transport defects of E202A
and E72A are exaggerated for AdoCbl and are more subtle for
Cbi. It is particularly notable that E72A actually showed higher
levels of cellular coenzyme B12 when grown in media containing
Cbi than in media containing AdoCbl (p > 0.001 using data
from three experiments, each run in triplicate), which is in stark
contrast to each of the other BtuF constructs. This is reminiscent
of a previous report for the highly related iron siderophore SBP
FhuD2, which identified mutations to these conserved glutamic
acid residues as differentially affecting transport of cognate
siderophores, despite not affecting substrate binding (Sebulsky
et al., 2003). Possible explanations for this phenomenon are
proposed in the discussion. In any scenario, this speaks to the
high degree of coordination of functions and interactions
required of SBPs.
Effect of BtuF Mutations on VB12-Dependent Growth
E. coli requires AdoCbl in order to break down ethanolamine
(Scarlett and Turner, 1976). In certain nutrient-poor environ-
ments, ethanolamine utilization might be extremely valuable,
and it has been proposed that this function could be the evolu-
tionary driving force that maintains E. coli’s elaborate VB12
uptake systems (Roth et al., 1996). We therefore investigated
the consequences of the transport defects observed in previ-
ous sections on ethanolamine-dependent growth. This was
intended to provide information on the biological significance
of the pertinent intermolecular interactions. Cells expressing
the assortment of BtuF varients examined in Figures 4 and 5
were assessed for their ability to grow in media in which etha-
nolamine was the only nitrogen source. Parallel samples were
tested that contained either 50 nM Cbi and 5 mM DMB or
50 nM AdoCbl (Figure 6). As expected, no growth was
observed for samples grown in the absence of VB12 molecules
(data not shown). CNCbl was not assessed here because it is
a potent inhibitor of ethanoloamine ammonia lyase, the enzyme
for which AdoCbl serves as a cofactor (Blackwell and Turner,
1978).
Mutant constructs displayedWT levels of growth, an extended
lag phase, or no growth. Drastic changes in growth rate were not
observed, and all viable samples ultimately grew to the same
density. Relative to WT, the TMD binding mutants displayed a
muchmore noticeable delay in growth in the presence of AdoCbl
(Figure 6A) than in the presence of Cbi (Figure 6B). ThisElsevier Ltd All rights reserved
Figure 6. VB12-Dependent Growth of BtuF Mutants
Growth assays in a medium in which ethanolamine was the sole nitrogen source and AdoCbl is required for growth. Strains expressing the indicated BtuF
constructs were grown with either AdoCbl or Cbi + DMB. The WT control data are included as a reference in all graphs. Parallel samples for each strain were
grown in media lacking VB12 molecules, and no growth was observed (data not shown). Data points represent mean values from experiments done in triplicate.
Error bars are omitted for visual clarity; the statistical significance of key data points is provided in the main text.
(A) BtuC binding mutants and controls with 50 nM AdoCbl.
(B) BtuC binding mutants and controls with 50 nM Cbi.
(C) VB12 binding mutants with 50 nM AdoCbl.
(D) VB12 binding mutants with 50 nM Cbi.
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maximal density at least 12 hr earlier when grown in Cbi than
in AdoCbl. This confirms the earlier observation that these
mutants transport Cbi more efficiently than AdoCbl and further
supports the notion that disruptions to these salt bridges differ-
entially affect the transport of different substrates.
None of the VB12 binding mutants showed an observable
change in growth when supplied with AdoCbl (Figure 6C). By
contrast, all five mutants tested displayed growth defects in
the Cbi-containing medium (p < 0.05 for all mutants at the
48 hr time point), and strains carrying two of these mutants,
W196A and R246A, were not viable under these conditions (Fig-
ure 6D). This is consistent with the results observed in Figure 5,
where VB12 binding mutants were observed to transport Cbi
relatively poorly and AdoCbl relatively well. Transport activity
assays also showed that W196A and R246A are far more
impaired for Cbi transport than the other VB12 binding mutants;
this observation is confirmed by their lack of growth in Figure 6D.
A comparison of the performance of BtuC binding mutants
and VB12 binding mutants presents some findings not antici-
pated from the data in Figure 5. For example, despite showingChemistry & Biology 20, 1502–151similar levels of Cbi transport (Figure 5), E72A experienced only
a minor delay in growth in ethanolamine when provided with
Cbi, whereas W196A and R246A did not grow. Similarly,
E202A grew more quickly in ethanolamine medium supple-
mented with Cbi than did a number of VB12 binding mutants
that showed similar or superior Cbi transport in Figure 5.
Whereas the data in Figure 5 represent the amount of substrate
transported over the course of a few hours, growth in ethanol-
amine could be supported by a slow and steady uptake of
substrate over long periods. Growth and protein synthesis are
presumably stagnant while cells take up VB12 and begin etha-
nolamine catabolism. Mutations that cause transporters to
become trapped in nonproductive conformations would there-
fore be more detrimental to cell growth than those that simply
make uptake less efficient. Applying this to our observations,
TMD binding mutants may be capable of slow and steady Cbi
uptake, whereas substrate-binding mutants may be more prone
to becoming trapped in a nonproductive state. Alternatively, the
difference in nutrient content between the rich, defined medium
used for transport assays and the ethanolamine growth medium
could factor into this observation. Low nutrient availability could2, December 19, 2013 ª2013 Elsevier Ltd All rights reserved 1509
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in a manner that affects the transport cycle.
DISCUSSION
We have thoroughly examined the functional significance of a
number of highly conserved residues of the SBP BtuF. The
data provide mechanistic insights into the interaction of BtuF
with both its ligand and its cognate ABC transporter. With regard
to its interaction with the channel-forming protein BtuC, we
investigated two BtuF glutamic acid residues, each of which
contacts three arginine residues on either monomer of the
BtuC dimer. Mutational analysis demonstrated that the interac-
tions involving both of these residues are important, but not
essential, for BtuF activity, which is in agreement with two previ-
ous studies that focused on analogous residues for iron sidero-
phore substrate binding proteins (Braun and Herrmann, 2007;
Sebulsky et al., 2003). As expected, our data indicate a role for
these interactions in productively associating with BtuC to carry
out substrate transport, rather than an effect on ligand binding.
This is supported by the undisrupted activity of E202A at low
CNCbl concentrations and the relatively high levels of transport
detected for these mutants for ligands predicted to form weaker
interactions with BtuF.
Both transport assays and ethanolamine growth assays indi-
cate that mutations to these residues result in a less severe
defect in the uptake of Cbi than of AdoCbl. The increased activity
of these mutants with the smaller substrate is not explained
by a simple role in maintaining suitable binding rates or affinity
between BtuC and BtuF. Instead, we propose one of the
following scenarios: (1) the loss of these salt bridges results in
a subtle change in the alignment of BtuF and BtuC that disrupts
ligand access to transport channel or (2) these residues are
important for BtuC-induced spreading of the two BtuF lobes
that is required for ligand release. In either scenario, the smaller
ligand would presumably be transported more efficiently than is
the bulkier substrate that is more tightly secured within the bind-
ing pocket. A role for these salt bridges in precisely aligning the
binding pocket or in spreading the lobes of the SBP to allow
ligand release would explain their strong conservation among
class A SBPs (Borths et al., 2002).
We observed a consistent and significant difference in the de-
fects associated with mutations to E72 and E202. The increased
importance of the glutamic acid at position 72 implies that other
interactions at the N-terminal lobe are less able to compensate
for the loss of this salt bridge tomaintain the structural rearrange-
ments or alignment responsibilities. Specifically, we note that
S200, which also interacts with the arginine-rich BtuC pocket,
is a likely candidate for this; a similar residue is not present at
the N-terminal lobe. An alternative explanation for the greater
importance of E72 is that it plays a more important mechanistic
role. A similar disparity between the parallel N-terminal and
C-terminal glutamic acids was previously observed in iron side-
rophore SBPs (Braun and Herrmann, 2007; Sebulsky et al.,
2003). In these instances, however, either lobe of the SBP was
interacting with a different TMD protein. BtuF, by contrast, inter-
acts with a BtuC homodimer. This speaks to the previously
documented asymmetry of this transport complex (Hvorup
et al., 2007); the possibility that the uneven contributions of these1510 Chemistry & Biology 20, 1502–1512, December 19, 2013 ª2013interactions are mechanistically significant is an intriguing one.
During the preparation of this work a second BtuCD-F structure,
in which BtuF interacts with BtuC in the opposite orientation, was
published (Korkhov et al., 2012b), which argues against the
importance of BtuF asymmetry. It is possible, however, that
only one orientation is biologically significant.
We have also probed the nature of BtuF’s ligand-binding
pocket. Overall, our data support a scenario in which the large
contact area between BtuF and the ligand is able to compensate
for the loss of individual molecular interactions to maintain the
requisite binding affinity for transport. However, the disruption
of molecular interactions that provide rigid barriers in the binding
pocket are detrimental to transport activity because of the
‘‘loose’’ nature of BtuF’s grasp on these molecules. Each of
the tested mutants demonstrates WT levels of CNCbl uptake
at low substrate concentrations, implying that their ability to
bind their ligand has not been overtly affected. A loss of
ligand-stabilizing interactions could lead to impaired transport
by interfering with ligand release into the transport channel.
Given the small structural changes in BtuF in response to sub-
strate binding and release, it is also conceivable that when the
bound ligand is not fixed in the correct position, the subtle effect
on overall BtuF structure interferes with its interplay with BtuC.
Cbi makes considerably less contact with the binding pocket
than do CNCbl and AdoCbl, and therefore the loss of key sub-
strate binding interactions has a greater effect on its transport.
Although E. coli lacks the majority of the VB12 biosynthetic
pathway, it has maintained the ability to synthesize the nucleo-
tide loop (Lawrence and Roth, 1995). Precursors such as Cbi
must therefore be both environmentally available and physiolog-
ically important. It is therefore likely that the high degree of con-
servation observed within the BtuF binding pocket is strongly
driven by smaller ligands, such as Cbi.
We cannot conclusively rule out the prospect of altered
expression, folding, or localization of the tested mutants. How-
ever, several lines of evidence suggest that these are not preva-
lent in the mutant library. First, the library was carefully designed
to avoid selecting residues that play an important structural role.
Second, different mutations created for each residue generally
yielded results that can be explained from a structural stand-
point. The BtuC-binding mutants follow the expected activity
trend (D > A > K), and more conservative mutations to VB12-
binding residues were generally observed to be more active.
Finally, almost all of the mutants examined show WT activity
levels at lower substrate concentrations, and mutants generally
displayed ligand-specific effects.
This study has generated hypotheses regarding the nature of
BtuF’s interactions with its ligand and its TMD binding partner.
Future experiments will be required to assess the validity of these
propositions. Investigating the interaction of select mutants
from this study with ligands and with BtuCD in vitro using
purified components will be of particular interest. An impressive
study was recently published in which the dynamics of the
interaction between BtuF and BtuCD were uncovered (Lewinson
et al., 2010). The effects of adding substrates or ATP on com-
plex formation were also assessed. Applying a similar methodol-
ogy using the mutants studied here should provide a means
to test the hypotheses proposed relating to their mechanistic
contributions.Elsevier Ltd All rights reserved
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Riboswitch Sensors to Study BtuF InteractionsIn this study, VB12 transport activity was monitored in living
cells using genetically encoded riboswitch sensors. The sensors
provided consistent measurements across a range of biologi-
cally relevant AdoCbl concentrations. These assays are user-
friendly, do not require labeled substrates, and, importantly,
are compatible with high-throughput experiments. This allowed
us to assess the activity of a very large number of mutants and
to examine a range of different substrates and substrate concen-
trations with several of these variants. Naturally evolved ribos-
witches that recognize a range of important metabolites (Barrick
and Breaker, 2007) have now been characterized, and methods
to engineer custom riboswitches have also been established
(Topp and Gallivan, 2010). This presents the enticing prospect
of applying similar sensors to the study of other transport sys-
tems. One attractive possibility would be to exploit the high-
throughput compatibility of these sensors to identify inhibitors
of transporters that play an important role in virulence or in anti-
biotic resistance.
SIGNIFICANCE
The environment within any living cell is incredibly complex
and dynamic. To examine biological processes that take
place within cells, the pertinent components are typically
purified and analyzed in vitro. However, it is crucial to
develop methods to assess the validity of the conclusions
drawn from these experiments within a more authentic envi-
ronment. In this study we present an effective means of
monitoring and dissecting the activity of biological trans-
porters within live bacteria. The approach employs geneti-
cally encoded riboswitch-based sensors, which take the
form of simple, high-throughput compatible assays that
report cytoplasmic substrate levels. We determined the
transport capabilities of more than 100 custom-designed
mutants to the substrate binding component of E. coli’s
BtuCDF vitamin B12 transporter. Themutants were designed
to probe the importance of key intermolecular interactions
observed in previous structural studies for transport in live
cells. The results provide an enhanced understanding of
the nature of the interactions that take place between the
substrate binding protein and both its substrate and the
channel-forming subunits and contribute to our growing
mechanistic understanding of this model ABC transporter.
Additionally, this study provides a basis to expand the scope
ofmutational analysis as a vital tool to analyze or to engineer
transport machinery. The high-throughput capacity of the
assays used, coupled with the fact that they avoid labor-
intensive purification steps, allowed us to scan the activity
of a large collection of mutants within a biologically relevant
context. Future studies could exploit this concept to dissect
or to engineer metabolic enzymes or to screen for inhibitors
of therapeutically relevant transporters.
EXPERIMENTAL PROCEDURES
Molecular Cloning
Unless otherwise noted, assays were conducted using the DbtuF strain from
the Keio E. coli single-gene deletion library (Baba et al., 2006), derived from
the parental strain BW25113 strain (rrnBT14 DlacZWJ16 hsdR514 DaraBADAH33
DrhaBADLD78) (Datsenko and Wanner, 2000). The kanamycin-resistanceChemistry & Biology 20, 1502–151cassette of this strain was removed using FLP recombinase as described
(Baba et al., 2006). The pRsBs-ACbl-bgal-MC vector (Fowler et al., 2010)
was used to monitor VB12 levels. BtuF, WT, and all mutants were cloned into
the pBAD18-kan vector (Guzman et al., 1995) using the EcoRI/XbaI restriction
sites. WT BtuF, WT BtuF with a C-terminal His6 tag, and the E72 and E202
mutants were created in-house. Saturation mutagenesis libraries for residues
W85, G88, W196, D242, and R246 were produced by ATG:biosynthetics and
contained a C-terminal His6 tag.
Reporter Assays for Individual BtuF Mutants
The DbtuF strain was transformed with the pRsBs-ACbl-bgal-MC vector and
single colonies were selected, made competent, and transformed with the
indicated pBAD18-BtuF vector. Colonies were selected and grown overnight
at 37C in a rich, chemically defined medium (previously described in Fowler
et al., 2010) supplemented with 40 mg/ml kanamycin and 75 mg/ml ampicillin.
Saturated cultures were diluted 1/1,000 into media containing either no VB12
or the indicated concentrations of CNCbl, AdoCbl, or Cbi (Cbi supplied as
cobinamide dicyanide) and 5 mM DMB (all purchased from Sigma-Aldrich)
and grown for 6 hr to mid-late log phase. Cells were then assayed for b-galac-
tosidase activity as described below.
b-galactosidase assays were performed using the Galacto-Star Assay Sys-
tem (Applied Biosciences), which employs a luminescent substrate. Following
cell growth, 20 ml of culture was added to 80 ml of permeabilization buffer
(100 mM Na2HPO4, 20 mM KCl, 2 mM MgSO4, 0.8 mg/ml cetrimonium bro-
mide, 0.4 mg/ml sodium deoxycholate, and 5.4 ml/ml b-mercaptoethanol)
and incubated at room temperature for 30 min. Following the incubation,
10 ml of this mixture was added to 100 ml of Galacto-Star substrate and was
incubated for 1 hr at room temperature, and luminescence was measured
using an Envision Luminometer (Perkin-Elmer). Raw luminescence values
were normalized for cell density using OD600 taken with a VERSAmax spectro-
photometer (Molecular Devices). Fold repression values were obtained by
dividing the reporter activity for each sample grown in the absence of VB12
by that of the parallel sample containing CNCbl, AdoCbl, or Cbi. All data repre-
sent the average of at least three biological replicates, confirmed by at least
two independent experiments. Reported statistical significance values were
determined using two-tailed unpaired Student’s t tests.
Reporter Assays for Saturation Mutagenesis Libraries
pBAD18-BtuF vectors containingBtuFmutants andcontrol vectorswere trans-
formed intoDbtuF cells carrying the pRsBs-ACbl-bgal-MC sensor vector. Indi-
vidual colonies were grown overnight in 96-well plates that were subsequently
used to make glycerol stocks. Each plate contained eight scattered WT BtuF
controls, eight scattered empty vector (EV) controls, four scattered E202A con-
trols, and four scattered samples for each of the 19 mutants being assessed.
Frozen stocks were pinned and grown overnight in 96-well plates containing
250 ml of rich, defined media. Overnight cultures were diluted 100-fold into
250 ml of fresh media that contained either no VB12 or 50 nM CNCbl, grown
for 5 hr at 37C, and assayed for b-galactosidase activity as described. Two
technical replicates were performed, yielding eight total fold-repression values
per mutant. The highest and lowest fold-repression values for each sample
were disregarded, and the data represent themean of the remaining six values.
Ethanolamine Utilization Assays
Following overnight growth in rich, chemically defined media, cultures were
diluted 400-fold into a growth medium in which ethanolamine was the sole
nitrogen source. This medium (pH 7.2) consisted of glycerol (0.2%), ethanol-
amine (0.1%), KH2PO4 (3 mg/ml), K2HPO4 (7 mg/ml), MgSO4 (2 mM), and
CaCl2 (100 mM). AdoCbl and Cbi (+ 5 mM DMB) added at 50 nM where indi-
cated. At the indicated time points, 200 ml of culture was removed and the
OD600 was measured. All data represent the average of three biological repli-
cates, confirmed by two independent experiments. Reported statistical signif-
icance values were determined using two-tailed unpaired Student’s t tests.
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